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Abstract 

We report Raman measurements on Bi2Sr2CaCv,20% + $ single crystals which allow us to quanti- 
tavely evaluate the doping dependence of the density of Cooper pairs in the superconducting state. 
We show that the drastic loss of Cooper pairs in the antinodal region as the doping level is reduced, 
is concomitant with a deep alteration of the quasiparticles dynamic above T c and consistent with 
a pseudogap which competes with superconductivity. Our data also reveal that the overall density 
of Cooper pairs evolves with doping, distinctly from the superfluid density above the doping level 
Pc = 0.2. 

PACS numbers: 74.72.-h, 74.62.Dh, 78.30.-j 
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One of the most challenging issues in cuprate superconductors is to understand the low 
energy quasiparticles dynamics above and below the critical temperature T c as the Mott 
insulating state is approached by decreasing the doping level [l[ Q|. On the overdoped 
side, below T c , the d— wave superconducting gap develops with maximum values along the 
principal axes of the Brillouin zone, the antinodes and vanishes in the nodal regions, the 
diagonals of the Brillouin zone On the underdoped side, above T c and below T*, the 
pseudogap occurs in the antinodal regions j^]. 

Recent advances in angle resolved photoemission spectroscop y ( ARPES) , scan- 



ning tunneling spectroscopy 



Scattering (ERS) 



0, 
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'STS) [8|, [9], n — SR spectroscopy [lOj and Electronic Raman 



13| have brought strong experimental evidences that supercon- 
ductivity remains robust at the nodes even at low doping level while superconductivity is 
deeply altered at the antinodes. This manifests itself in ARPES, by the supression of the 
coherent spectral weight at the antinodes with underdoping Q. In STS, this is signalled 
by a shrinkage of the Bogoliubov quasiparticles arcs around the nodes [9( and in ERS, by 



the disappearance o 



level is reduced. 
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the pair breaking peak in the antinodal Raman response as the doping 
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27 



30]. 



These observations raise the question of the influence of doping on the k-space depen- 
dence of the superconducting properties and the relationship between the pseudogap and 
superconductivity. Our aim here, is to capture the doping evolution of the density of Cooper 
pairs in momentum space and to compare it with the superfluid density one. We also want 
to address whether a connection exists or not between the pseudogap and superconductivity. 

To achieve this goal, we have developed a careful and systematic experimental pro- 
tocol which allows us to quantitatively compare the changes of the Raman spectra of 
Bi2Sr2C aCu20s+s (Bi — 2212) compounds as a function of the doping levels. Using a 
simple relationship between the integrated superconducting Raman response and the den- 
sity of Cooper pairs, we show that the density of Cooper pairs in the superconducting state 
strongly decreases with underdoping at the antinodes while it still sizeable in the nodal re- 
gion even at low doping level. Simultaneously, our data reveal that in the normal state, the 
low energy quasiparticle dynamics is deeply altered as the doping is reduced in the antinodal 
region, whereas the nodal quasiparticles remain almost unaffected. 

Below the doping level p c = 0.2, we find that the overall Cooper pairs density, Nq p 
decreases with underdoping in a similar way to the superfluid density deduced from fi — SR 
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magnetic penetration depth [ijj] and optical conductivity measurements [itJ • Above 



the doping level p c = 0.2, however, the two physical quantities appear to be disconnected. 
The Bi — 2212 single crystals were grown by using a floating zone method. The optimal 



doping sample with T c = 91 K was grown at a velocity of 0.2 mm per hour in air 



In 



order to get the overdoped sample, the as-grown single crystal was put into a high pressured 
cell with 2000 bars oxygen pressure and then was annealed at 350°C to 500°C for 72 hours 
[l9|. In order to get underdoped sample, the optimal doping crystal was annealed at 350 °C 
to 550 °C for 72 hours under vacuum of 1.3 10~ 6 mbar. The doping value p is inferred from 
T c using Presland and Tallon's equation: 1 — T c /T c max = 82.6(p — 0.16) 2 20[. T c has been 
determined from magnetization susceptibility measurements for each doping level. 

Raman experiments have been carried out using a triple grating spectrometer (JY- 
T64000). The B^ g and B\ g geometries have been obtained from cross polarizations along the 
Cu-0 bond directions and at 45° from them respectively 22j. In these geometries we probe 
respectively, the nodal and antinodal regions of the Brillouin zone. All the measurements 
have been corrected for the Bose factor and the instrumental spectral response. 

Special care has been devoted to make reliable quantitative comparisons between the 
Raman intensities of distinct crystals with different doping levels measured in the same ge- 
ometry, and between measurements in distinct geometries for crystals with the same doping 
level. Obtaining intrinsic Raman measurements of crystals with various doping levels is a 
true challenge for experimentalists. It requires not only an extremely high level of control of 
the crystal surface quality, the optical set up but also the knowledge of the optical constants 
for each crystal studied. 

In order to overcome these difficulties, we have first chosen to work on Bi — 2212 system 
rather than on the Hg — 1201 (HgBa2CuO^ + s) one as previously [ll|, [3] because Bi — 
2212 crystals can be easily cleaved providing large homogeneous surfaces (~ mm 2 ). We 
have performed all the measurements during the same run and the crystals with various 
doping levels have been mounted on the same sample holder in order to keep the same 
optical configuration. With a laser spot of ~ 50/im diameter, we have measured Raman 
intensity variations of less than 5% from one point to another on the same cleaved surface. 
Crucially, we have also observed only weak intensity changes for two distinct crystals of 
the same nominal doping level mounted side by side on the sample holder of the cryostat. 
These observations give us confidence that the doping dependence of the Raman intensity 
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variations reported here are intrinsic. Finally, the Raman cross-section at each doping level 
was obtained by correcting the Raman response function for the optical constants, using 
the following expression for the correction factor 23]: ^"y^" ^ jjjrr^ ' where a refers to 
the absorption, T to the transmission at the air-sample interface and n to the complex 
refractive index whose components have been determined from spectroscopic ellipsometry 
measurements. 

We first focus on the evolution of the quasiparticle dynamics with doping before studying 
the superconducting state. In Figure 1 (a) and (b) we display the normal state Raman 
responses of Bi — 2212 single crystals for four doping levels. Figures 1 (a) and (b) show 
that the B 2g electronic background intensity is almost the same as a function of doping level 
up to 400 cm" 1 while the B\ g electronic continuum intensity is drastically reduced as the 



doping level decreases 



2l|. Correspondingly the low energy B 2g slope varies only weakly 



with doping while the low energy B\ g slope strongly decreases with underdoping. More 
surprisingly, the B 2g electronic background intensity slightly increases as the doping level 
decreases while the B\ g electronic continuum is drastically reduced. This phenomenon is 
also observed by using different excitation lines (2.56 and 1.93 eV) (see Fig.l (c)) which 
eliminates the possibility of a resonant Raman effect. 

In order to quantify these observations, in Fig.l (c) we plot the integrals , R(p), of the 
B 2g and B\ g Raman response functions normalized to the one at the optimal doping. We 
observe a strong decrease of the B\ g response (about 65%) with underdoping while the B 2g 
response exhibits a smaller change in the opposite way (about 20%) from p = 0.22 to 0.1. 

Assuming a Drude-like Raman response function in the framework of Landau theory of 
interacting particles, the Raman response in the normal state leads to 24]: Np^^ k] 



where Np is the density of state at the Fermi level, uj the Raman shift, Tfc the quasiparticles 
scattering rate and (ZA)k the renormalized quasiparticle spectral weight where A takes 

(ZA) 2 

into account final state interactions. The low energy slope is then proportionnal to r k 



ratio which indicates that the lowering of the quasiparticles spectral weight and/or the 
enhancement of the scattering rate at the antinodes are responsible for the strong decrease 
of the low energy B lg slope with underdoping. In sharp contrast, the nodal quasiparticles are 
mostly unaffected by the doping. Combined with earlier and recent ARPES data 0, S, 26] 



and previous Raman measurements 



27. 



28, 29 



301 ] this shows that the quasiparticle spectral 



weight in the nodal region is weakly doping dependent. 
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FIG. 1: (Color online) Intrinsic Raman response functions of Bi — 2212 single crystals in (a) B<i g 
(nodal) and (b) i?i g (antinodal) geometries with various doping levels p. Each spectrum has been 
obtained from an average over 10 spectra measured on different regions of the sample surface at 
300 K. (c) R(p) = /5o°cm-i Xn( UJ ,p)du where /j, denoted the B\ g or i?2 3 geometries. Integrals 
R(p) is normalized to the optimal one R(p pt)- 

In Figure 2 we display the B^g and B\ g superconducting responses of Bi — 2212 for several 
doping levels in the superconducting and normal states. At low energy, the slope of the B2 g 
superconducting response is almost doping independent as suspected previously in Hg — 1201 
system 

At higher energy, we focus on the B\ g and B 2g superconducting peak areas deduced 
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from the substraction between the superconducting and the normal Raman responses and 
displayed in grey in Fig. 2(a) and (b). Our data reveal a strong decrease of the B\ g 
superconducting peak area with underdoping. It disappears close to p = 0.1 while the B 2g 
superconducting peak area slightly increases from p = 0.22 to 0.19 and then remains almost 
constant as the doping level is reduced down to 0.1. On the overdoped side (above p = 0.16), 
the Big superconducting peak area is predominant with respect to the B 2g one while this is 
the opposite on the underdoped side. 

What is the meaning of the superconducting peak area? For a non interacting Fermi 



liquid in the 



given by 



24 



ramework of BCS theory, the Raman response in the superconducting state is 



3l|: 



XM = ^E(^) 2 tanh(^)^(c - 2E k ) 

k B k 

where \x refers to the B\ g and B 2g geometries, 7^ is the Raman vertex, the super- 
conducting gap, Ef., the quasiparticle energy and kg, the Boltzman constant. It is then 
straightforward to show that the integral of the Raman response over uj when T tends to 
zero, gives: 



J 7, 



2 

k ~ k 



E 



The sum ^j- is equal to ^Ylk( UkVk ) 2 where v\ and u\ are the probabilities of the 
pair (k f , —k J.) being occupied and unoccupied respectively. This sum is non-vanishing 



only around the Fermi energy Ep in the range of 2A^ [32|. This quantity corresponds to 
the density of Cooper pairs, formed around the Fermi level as the gap is opening (33! . A 
priori, the density of Cooper pairs is distinct from the superfluid density which is just the 
total carrier density at T = K. The integral of the Raman response is then proportional 
to the density of Cooper pairs, weighted by the square of the Raman vertex which selects 
specific area of the Brillouin zone: the nodal or the antinodal regions. 

Applying this analysis to our data reveals that the superconducting peak area (in grey in 
Fig. 2) provides a direct estimate of the density of Cooper pairs in the nodal and antinodal 



regions 



34J. The data reported in Fig. 3 (a) show that the density of Cooper pairs is 
strongly anisotropic in the k— space as a function of doping level. At low doping level, the 
density of Cooper pairs becomes very small at the antinodes and vanishes below p = 0.1, 
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FIG. 2: (Color online) Raman response functions in the normal and superconducting states in (a) 
Big and (b) B\ g geometries for distinct doping levels. The grey zones correspond to the subtraction 
between the superconducting and the normal Raman responses under the superconducting pair 
breaking peaks. The insets exhibit the doping evolution of the normalized Bi g low energy slope 
a p /a p - op t and the doping dependences of the B\ g and Bi g peak energies extracted from asymetrical 
gaussian fits. The slope of the nodal Bi g superconducting Raman susceptibility, a p , is only weakly 
doping dependent and its variation is less than 20% between p = 0.1 and p = 0.22. 

while it is still sizable around the nodes. Therefore we are led to conclude that Cooper pairs 
are k-space localized in the nodal region at low doping level forming k-space Cooper pairs 
islands on the underdoped regime of cuprates. This is consistent with the picture where 
most of the supercurrent is carried out by electrons' small patches centered on the nodal 
points on the underdoped regime as proposed by Ioffe and Millis 35]. 

Further, comparison between Figs.l and 2 reveals that the loss of Cooper pairs density at 
the antinodes below T c is concomitant with the strong alteration of the quasiparticles dynam- 
ics at the antinodes above T c where the pseudogap develops as the doping level diminishes. 
If the pseudogap state was due to preformed pairs above T c , these preformed pairs (if they 
are involved in the superconducting condensate below T c ) should give a sizeable density of 
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FIG. 3: (Color online) (a) Doping dependences of the B\ g and B2 g superconducting peaks areas 
(T,B lg ,^B2g) an d their sum T,B lg +B 2g ( m Cts/(s.mW).cm~ l ) deduced from the subtraction between 
the superconducting and the normal Raman reponses. (b) Doping dependences of T,B lg +B 2g an d the 
normalized superfluid density ( T max mif ) deduced from We have used the Presland's relation 



201 ] to convert T c as a function of doping in the Uemura's plot and finally divided ^ by TjT 
order to compare to different cuprate families. 



Cooper pairs in the antinodal region and an intense superconducting peak in contradiction 
to our findings. As a consequence, our data support the view that the pseudogap is harmful 
to the Cooper pairs formation and acts as a '"foe"' of high T c superconductivtiy 36|. This 
view is consistent with recent ARPES data Q which reveal a direct correlation between the 
opening of the pseudogap and the decrease of the spectral weight of the superconducting 
coherent peak. 

If we now concentrate on the doping dependence of the sum of the superconducting peak 
areas (£bi 9 + ^B 2g ) shown in Fig. 3 (a), we note that the sum E Blg + S B2s decreases with 
underdoping suggesting a decrease of the overall Cooper pairs density, N Cp with doping. 

To further substantiate this point, we have replotted in Fig. 3(b) the superfluid density 
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normalized to T™ ax obtained from fi — SR , |16| as a function of doping level, p, instead 
of T c as it is usually reported. We observe that for each cuprates family considered here 
(Y — 123, La — 124, Bi — 2212,77 — 1212 and Bi — 2223), this ratio increases approximatively 
linearly with doping up to p c = 0.2 while beyond p c it decreases. Comparing with our 
estimations of the overall Cooper pairs density Nc p , it appears that Nc p behaves like the 
superfluid density (N Cp oc p) up to p c but, by contrast continues to increase above p c . The 
decrease of N Cp and m J^ s max below p c is consistent with a scenario where the pseudogap 
develops below p c and suppresses both superfluid density and the density of Cooper pairs 
at the antinodes. 

In summary, we have developed a reproducible experimental protocol which allows us 
to get reliable comparison between the Raman spectral intensities of several crystals with 
distinct doping levels in both the B2 9 (nodal) and B\ g (antinodal) geometries. From the 
integrated superconducting response, we can then quantitatively evaluate, the density of 
Cooper pairs nearby the Fermi level and tracks its doping evolution in the nodal and antin- 
odal regions. Moreover, we find that the loss of Cooper pairs density below T c , at the 
antinodes, is concomitant with a deep alteration of the quasiparticle dynamics above T c as 
the doping level is reduced. This strongly suggests that the pseudogap state competes with 
the superconducting state. 
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